Highlights d Identify a regenerative stem cell population in colitisassociated regeneration d A long-term 2D culture to reenact the crypt homeostasisinjury-regeneration cycles d Oxygen tension serves as a switch in injury and regeneration in vivo and in vitro
INTRODUCTION
The intestinal epithelium is the physical barrier separating luminal contents from the underlying stroma. Disruptions of this barrier, whether caused by infection, excessive dysregulated inflammation, vascular insults, or iatrogenic causes must be swiftly repaired to minimize the exposure of the host to insults arising from otherwise contained luminal contents.
The intestinal epithelium exploits distinct repair strategies in response to acute injuries with different degrees of severity. Insults that superficially damage the mucosa and focally remove differentiated epithelial cells are quickly repaired by the migra-tion of adjacent epithelial cells (Feil et al., 1989; Lacy, 1988) . This restitution normally occurs within minutes to hours (Feil et al., 1989; Lacy, 1987) . In scenarios where more severe lesions occur that include crypt loss, stem cells in the crypts positioned adjacent to the area of injury are mobilized to repair the damage by forming wound channels (Miyoshi et al., 2012; Seno et al., 2009) . Some injuries are chronic and can involve repeated damage to crypt structures resulting in abnormal epithelial regeneration. Such aberrant mucosal healing frequently occurs in patients with inflammatory bowel diseases (IBD), and poses a challenge for achieving long-term remission (Baert et al., 2010; Henderson et al., 2011; Schnitzler et al., 2009) . A key to understanding epithelial repair in response to chronic injury, such as occurs in the setting of inflammation, is to identify the stem cell populations that execute the regenerative process. Two major types of intestinal stem cells have been shown to maintain epithelial turnover in homeostasis: the fast-cycling crypt base columnar cells marked by Lgr5 (Barker et al., 2007) and a suite of slowcycling +4 stem cells markers including Hopx, Lrig1, Tert, and Bmi1 (Breault et al., 2008; Montgomery et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi, 2008; Takeda et al., 2011; Yan et al., 2012) . In the mouse small intestine, Lgr5 + stem cells are required for regeneration in a radiation injury model (Metcalfe et al., 2014) . In contrast, during colonic inflammation, they are dispensable for repair (Metcalfe et al., 2014) , raising a question as to the identity of colonic stem cells mediating colitis-associated regeneration. Recent studies report a fetal-like reversion of the regenerative epithelium in both dextran sodium sulfate (DSS)-induced colitis and helminth infection (Nusse et al., 2018; Yui et al., 2018) . Nevertheless, due to the lack of lineage tracing and cell ablation experiments, it is unclear whether cells in such a primitive state are functionally required for epithelial regeneration in colitis and can truly represent a regenerative stem cell population.
The complex cellular composition/architecture of the intestine poses a formidable challenge when striving to obtain a detailed, comprehensive mechanistic dissection of chronic injury and Sections of colonic mucosa from wild-type (WT) mice treated with vehicle, 7 days of DSS, or 7 days of DSS with a 14-day ''washout'' period were stained with H&E (A, top panels), Epcam (green), Ki67 (red) (A, bottom panels), or in situ probes against Lgr5 (D, top panels) and Hopx mRNAs (D, bottom panels) . Arrows and arrowheads denote crypt bases. White dashed lines indicate crypt/lamina propria boundaries. The asterisk denotes an ulcer. Percentage of atrophic (yellow) and hypertrophic (green) crypts within the distal-most colon (1 cm) under various conditions of DSS-induced colitis were plotted as mean ± SD (B) (A, atrophic (legend continued on next page) repair of its epithelium. Current 3D epithelial culture systems have limitations in their capability to model multiple cycles of injury and repair. Organoids and spheroid cultures mimic components of homeostasis (Miyoshi and Stappenbeck, 2013; Ootani et al., 2009; Sato et al., 2009 Sato et al., , 2011 Spence et al., 2011) . Manipulations of organoids or spheroids to induce relatively pure select lineages representing tissue homeostasis or injury are usually confounded by the short-lived nature of these cells and cellular states in culture (Basak et al., 2017; de Lau et al., 2012; Miyoshi et al., 2017; Yin et al., 2014; Yui et al., 2018) . However, in pathological conditions like IBD, epithelial cells are often the subject of recurrent insults including hypoxic injury and endoplasmic reticulum (ER) stress (Giatromanolaki et al., 2003; Hatoum et al., 2005; Heazlewood et al., 2008; Kaser et al., 2008; Shkoda et al., 2007; Taylor and Colgan, 2007) . As a result, intestinal epithelial cells can undergo repeated cycles of injuryrepair (Sturm and Dignass, 2008) , switching constantly from one cellular state to another. No in vitro epithelial model system has been able to recapitulate this complex process. The development of such a system would allow a better understanding of stem cell behavior during injury and subsequent regeneration and provide opportunities for creating new therapeutics.
In this report, we present the identification of a colitis-associated regenerative stem cell (CARSC) population marked by Hopx expression in mouse models of colitis. We demonstrate that Hopx + CARSCs arise during the reparative stage of colitis, preceded by an injury phase when Lgr5/Hopx double negative atrophic crypts are prevalent near areas of ulcerations. Hopx + CARSCs largely co-express fetal-like markers and can functionally contribute to regeneration as demonstrated by lineage tracing and cell ablation experiments. Importantly, we establish a long-term 2D colonic in vitro system capable of modeling Hopx + CARSCs and the repeated cycles of colonic epithelial injury-regeneration. By exposing the apical side of the monolayer layer to air, in vitro Hopx + CARSCs undergo a proliferative burst before regenerating into a self-organizing monolayer that mimics cells in homeostasis. This mature monolayer can then be re-submerged to elicit a profound and rapid damage response mimicking in vivo epithelial injury. Hypoxia and ER stress, insults commonly present in IBD patients and mouse models of colitis, mediate this process. Importantly the cycle of injury and repair can be completed in this model system, due to the fact the same monolayer can be re-exposed to airliquid interface thus returning cells to a homeostatic state.
RESULTS

Hopx + CARSCs Promote Colitis-Associated
Regeneration In Vivo DSS administration to mice typically induces damage and ulceration of the colonic mucosa. We examined crypt morphology in DSS-induced injuries with or without a recovery phase. After a 14-day recovery from DSS injury, we confirmed previous studies that showed the presence of hypertrophic crypts in the distal colon (Erben et al., 2014; Yui et al., 2018) . These elongated crypts contained an increased number of proliferative cells at the expense of cellular differentiation as demonstrated by a substantial reduction in mature goblet cells ( Figures 1A-1C and S1A) The close proximity of hypertrophic crypts to the areas of ulceration reflected an ongoing process of crypt regeneration, as described previously . In contrast, during the injury phase (with continuous DSS administration for up to 7 days), many crypts, frequently located near or within ulcerated areas in the distal colon, exhibited an atrophic appearance. These atrophic crypts contained epithelial cells with a squamous morphology instead of the columnar shape observed in untreated mice (Figure 1A) ; they also manifested greatly reduced proliferative activity and mature goblet cell differentiation ( Figures 1A, 1C , and S1A). Atrophic crypts with these characteristics were prominent at the injury stage but were rare during regeneration ( Figure 1B) . Thus, atrophic crypts appeared to precede emergence of hypertrophic crypts and potentially represent an injured cellular state occurring in response to DSS injury.
We next examined the mRNA expression of markers for fast-(Lgr5) and slow-cycling (Hopx) stem cells by in situ hybridization at distinct stages of DSS-induced colitis. Mice administered with 7 days of DSS showed greatly decreased expression of both Lgr5 and Hopx mRNAs in both uninjured ( Figure S1B ) and injured areas, the latter including atrophic crypts (Figure 1D) . In mice with DSS injury followed by 14 days of recovery, Lgr5 expression was still largely suppressed in most colonic crypts, including uninjured areas and regenerating hypertrophic crypts (Figures 1D and S1B) . This latter finding is consistent with previously reported transcriptomic data . In contrast, Hopx expression re-emerged during the regeneration phase with robust expression specifically in epithelial cells located in hypertrophic crypts (Figures 1D and S1B) . These data suggest that Hopx can potentially mark an arising regenerative stem cell population. A similar temporal pattern of crypt crypts; H, hypertrophic crypts). The percentage of Ki67 + crypt epithelial cells was plotted as mean ± SD for homeostatic, atrophic, and hypertrophic crypts (C). n = 3-4 mice/group. (E and F) Transiently lineage-labeled cells (red) from Hopx CreERT2 /Rosa Td or Lgr5 CreERT2 /Rosa Td mice were co-stained with Tacstd2 (green) (E) . The percentage of Tacstd2 + crypts in the mid and distal colon that were co-labeled with tdTomato from the two CreERT2 lines was plotted as mean ± SD (F). n = 3 mice/group. (G) Single Hopx + cells at the regenerative stage of DSS-induced colitis were sorted and cultured in Matrigel with 50% L-WRN media (left panel). Light and tdTomato fluorescent images of spheroids on day 6 after plating (right panels). (H) Experimental scheme for lineage tracing assays of Hopx + CARSCs from Hopx CreERT2 /Rosa Td mice at the regenerative stage of DSS-induced colitis (top panel). TdTomato + traced clones in the distal colon were co-stained with Muc2 (goblet cells), Chga (enteroendocrine cells), and Slc26a3 (colonocytes). (I-K) Experimental scheme for Hopx + CARSCs ablation (I, top panel) . Crypt morphology was defined by H&E stained colonic sections from Hopx CreER /Rosa DTR mice (arrows in I) and their WT littermate controls subjected to the same procedure. The number of atrophic/degenerating crypts per mid + distal colon section was plotted as mean ± SD (J). n = 4-6 mice/group. Colon length was plotted as a box-whisker plot (K) . n = 7-9 mice/group. Two-tailed Student's t test in (C), (F) morphological changes during injury/repair was observed in response to 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis ( Figure S1C ). As in the DSS model, neither Hopx nor Lgr5 mRNA was detected in atrophic crypts (present on day 3 post injury); in contrast, Hopx but not Lgr5 mRNA was enriched in hypertrophic crypts (present on day 7 post injury). We also observed similar findings using a genetic model of spontaneous colitis (dnKO) where hypertrophic crypts are a prominent feature ( Figure S1D ; Kang et al., 2008) . Thus, Hopx mRNA is enriched in hypertrophic crypts in multiple models of colonic damage secondary to inflammation.
The re-emergence of Hopx expression was similar in timing and location to the induction of fetal-like markers, such as Tacstd2 (Trop2), during epithelial regeneration . We utilized the Hopx-CreERT2/Rosa-LSL-tdTomato (Hopx CreER / Rosa Td ) as well as Lgr5-EGFP-IRES-CreERT2/Rosa-LSL-tdTomato (Lgr5 CreER /Rosa Td ) mice to transiently label Hopx + and Lgr5 + cells, respectively, by tamoxifen induction during the hypertrophic crypt stage ( Figure 1E ). Over 70% of Tacstd2 (Trop2) + crypts were labeled by the Hopx reporter, whereas <2% were labeled by the Lgr5 reporter ( Figures 1E and 1F ). With the caveat that possible unequal mosaicism is associated with the two reporter mouse lines, these data further support the conclusion that Hopx, but not Lgr5, mark a regenerative stem cell population within hypertrophic crypts. Interestingly, we also noted Hopx-labeling of hypertrophic crypts that were Tacstd2negative ( Figure S1E ), implying heterogeneity in the composition and stages of regenerative crypts.
We next performed lineage-tracing experiments to test if Hopx marks regenerative stem cells that can contribute to the restoration of epithelial homeostasis. We labeled the Hopx-expressing cells in Hopx CreER /Rosa Td mice after 14 days of recovery and observed tdTomato-traced clones 21 days after labeling. We found numerous tdTomato + ribbons within the distal colon, particularly the most distal 1-cm segment where DSS-induced injury and regenerative events were prevalent ( Figure 1H ). These tdTomato-traced clones also contained multiple differentiated cell lineages including goblet cell, enteroendocrine cell, and colonocytes ( Figure 1H ), suggesting that the Hopx + cells within hypertrophic crypts can re-establish homeostasis and possess regenerative stem cell properties. To further demonstrate the stem cell properties of these cells, we sorted single Hopx + cells from colons during the regenerative stage and cultured them in Matrigel/L-WRN media. We found 1.9% ± 0.3% of these cells (n = 3 experiments) formed spheroids ( Figure 1G ), comparable to previously reported colony formation efficiency of singly sorted stem cells isolated from the homeostatic colon (Sasaki et al., 2016) . Based on these data, we termed this cell population Hopx + CARSCs.
We then tested if an equivalently marked regenerative stem cell population existed during crypt regeneration in humans. Using colonic sections from areas of active and inactive disease in ulcerative colitis subjects, we found expression of Hopx, as well as regenerative epithelial markers Tacstd2 and Msln (Gregorieff et al., 2015) , were detected in hypertrophic crypts within the inflamed areas but not in uninflamed areas ( Figure S1F ), suggesting a similar paradigm of regeneration may occur in human colon.
To evaluate if the emerging Hopx + CARSCs play a functional role in colitis-associated crypt regeneration, we ablated this population in the Hopx CreER /Rosa DTR line at the hypertrophic stage by diphtheria toxin (DT) injection beginning at 14 days post DSS injury ( Figure 1I ). Elevated epithelial apoptosis was observed in the hypertrophic crypts after one dose of DT (Figure S1H) . After three doses of DT, we observed a decrease in colon length and substantial increase in atrophic and degenerative appearing crypts that were rare at this stage of regeneration in littermate controls subjected to the same procedure ( Figures  1I-1K and S1I). The atrophic-appearing crypts largely co-labeled with Tacstd2 ( Figure S1J ), implying cell ablation had occurred as intended within hypertrophic crypts. Importantly, these atrophic appearing crypts exhibited diminished proliferation and occasional dilation ( Figures 1I and S1K ), suggesting a disruption of normal regenerative processes driven by hypertrophic crypts. No effects on crypt morphology or colon length were detected when ablation was performed prior to or immediately after injury ( Figure S1G ). Together, these findings establish an essential function of the emerging Hopx + CARSCs in promoting crypt regeneration in the setting of colitis.
In Vitro Culture of a Self-Organizing Colonic Epithelial Monolayer As we demonstrated above, the dynamic nature of crypt remodeling and the power of epithelial regeneration are remarkable in colitis, but the extent to which these processes are epithelial intrinsic is unclear. Deconstructing the epithelial-specific capacity calls for an in vitro system that permits colonic epithelial cells to seamlessly switch between multiple cellular states reflecting distinct stages of in vivo regeneration. A first step toward this goal was to establish a long-term in vitro culture that contains features of colonic crypt epithelial cells in steady state. To this end, we adopted and modified a Transwell method (Wang et al., 2015) to culture adult mouse colonic epithelial cells in two dimensions. Colonic spheroids were dissociated into single cells (Miyoshi and Stappenbeck, 2013; Moon et al., 2014) and plated onto Transwell membranes. Cells were exposed to airliquid interface (ALI) for 14 to 28 days after being submerged in L-WRN conditioned medium for 7 days (Figure 2A) . Surprisingly, we did not observe crypt-like folding structures as previously reported (Wang et al., 2015) , but rather a continuous 2D monolayer of epithelium. The presence of a feeder layer of irradiated 3T3 cells did not alter the 2D monolayer morphology (data not shown). Interestingly, cells at day 0 and day 21 after exposure to the air-liquid interface (ALId0, ALId21) showed drastically different cell morphologies. H&E stained sections of ALId0 cells revealed a squamous morphology with no indication of cellular differentiation, while ALId21 cells were columnar and included a population with goblet cell features ( Figure 2B ). b-catenin staining of monolayer sections demonstrated that the cell height on ALId21 was similar to in vivo colonic crypts (Figures S2A and S2B) . In addition, microvilli length on ALId28 measured 1 mm, comparable to the microvillar length of absorptive cells in vivo (Figures S2C and S2D) .
We used several approaches to define the extent to which differentiated cell lineages were induced by the switch to ALI. Immunostaining and transmission electron microscopic images demonstrated that the ALId21 colonic monolayers contained all major differentiated cell types including goblet cells (marked by Muc2), enteroendocrine cells (marked by Chga), and absorptive colonocytes (marked by Slc26a3) ( Figures 2C and S2E ). Goblet cells were capable of secreting mucus that overlaid the epithelium ( Figure S2F ). The percentages of goblet and enteroendocrine cells were 34.5% ± 4.8% and 1.9% ± 0.4%, respectively (n = 3 experiments). The allocation of these two lineages was slightly higher than in vivo (Tó th et al., 2017) , although the number could vary among different segments of the colon. In contrast, no cellular differentiation was detectable in ALId0 cells ( Figure S2G ). RNA sequencing (RNA-seq) analysis of epithelial monolayers at multiple time points after the switch to ALI, including ALId0, ALId4, ALId7, ALId14, and ALId21, showed a clear evolution of RNA profiles over time ( Figure S2H ). Expression of transcription factors crucial for specification of secretory lineage differentiation, including the master regulator Atoh1, were first detected on as early as ALId4 ( Figure 2D ). The goblet cell transcriptional signature emerged by ALId4 and was followed by a substantial upregulation of enteroendocrine cell Figure S2 and Tables S1 and S2. markers on ALId7 ( Figure 2D ). Colonocyte markers increased later between ALId14 and ALId21 ( Figure 2D ). We next utilized gene set enrichment analysis (GSEA) to compare the transcriptomic profile of ALId21 monolayers to those derived from sorted goblet cells and enteroendocrine cells in vivo . This revealed a significant enrichment of goblet and enteroendocrine cell signatures in the ALId21 monolayers ( Figure S2I ; Tables S1 and S2). These findings depict a dynamic stepwise lineage differentiation process after the ALI switch and indicate d21 ALI culture comprises the major epithelial cell lineages found in a homeostatic crypt.
The long-term feature of ALI culture together with apparent cell shedding and turnover ( Figure S2J) suggested the presence of a stable, self-renewal component to the monolayers. Supporting this idea, we were able to passage ALId21 cells and re-establish a new mature monolayer ( Figure S2K ). Remarkably, whole mount staining of ALId21 cells revealed numerous foci of proliferative cells positive for both Ki67 and Cd44 (Figures 2E and 2F) , biomarkers of crypt base cells in vivo. A widely held notion is that a Wnt ligand gradient is crucial for formation of the proliferative compartment at the crypt base (Clevers, 2013; Farin et al., 2016) ; however, cells in the ALI culture were all exposed to the same level of Wnt-containing medium and lacks the Wnt-producing Paneth cells reported to shape the gradient that creates the organization of small intestinal organoids Sato et al., 2011) . We found that Axin2, a target of canonical Wnt signaling, is primarily co-localized to the Ki67 + foci (legend continued on next page) ( Figure 2G ), demonstrating a differential response to Wnt exists in the absence of a ligand gradient in ALI culture. Consistent with active cellular turnover, ethynyldeoxyuridine (EdU) pulse-chase experiments showed that the transiently labeled proliferative cells (EdU + ) had largely exited proliferative foci by day 6 post labeling. This timing was similar to in vivo mouse colons ( Figure S2L ; Karam, 1999) . Furthermore, Ki67 + foci harbored Hopx but not Lgr5-expressing cells ( Figure S2M ); 25% ± 6% of these Hopx + cells were in a proliferative state (Figure S2N) , a rate similar to the slow-cycling +4 intestinal epithelial stem cells in vivo (Bankaitis et al., 2018; Li et al., 2016; Montgomery et al., 2011; Powell et al., 2012) . Within the Ki67 + foci, 5.5% ± 0.3% of cells were Hopx + ( Figure S2N ). These findings suggested that the in vitro homeostasis-like status of ALId21 is fueled by Hopx-expressing ''+4-like'' stem cells, confirming the dispensability of Lgr5 + stem cells for homeostasis (Tian et al., 2011) . We speculate that certain components in the L-WRN media may have favored such stem cell choices. Moreover, the self-organizing nature of the mature monolayer in Transwell ALI culture can be utilized to successfully support the complete sexual growth cycles of Cryptosporidium (Wilke et al., 2019) , a challenging epithelial parasite to grow in vitro. Taken together, we have established a unique 2D sheet of colonic epithelial cells that self-organizes in the absence of a Wnt gradient and mimics ''flattened'' homeostatic crypts in vivo ( Figure 2H ).
In Vitro Modeling of Hopx + CARSCs
To address questions about how the homeostasis-like monolayer forms on ALId21 and what cells give rise to this stable monolayer, we characterized the nature of cells in the undifferentiated ALId0 epithelium. We initially hypothesized that Lgr5 + stem cells, a main crypt stem cell population present under conditions of homeostasis, would predominate. However, we did not observe detectable GFP signal in monolayers derived from Lgr5 GFP mice ( Figure 3A) . In contrast, monolayers derived from Hopx GFP mice showed readily detectable positive signals in most cells ( Figure 3A) . Fluorescence-activated cell sorting (FACS) analysis of ALId0 cells from the two GFP lines confirmed the whole mount staining results ( Figures 3B and S3A) . In situ hybridization demonstrated low levels of detectable Lgr5 mRNA transcripts in contrast to Hopx (Figure S3B ). Lgr5 and Hopx mRNAs levels on ALId0, defined by RNA-seq, supported the in situ hybridization results ( Figure S3C ). Taken together, these results suggest that the negative Lgr5 GFP signal on ALId0 was not simply due to genetic mosaicism of this mouse line.
Hopx not only labels the +4 stem cells during homeostasis (Takeda et al., 2011) , but as we showed above, also marks a stem cell population arising from colitis-associated regeneration. To distinguish which of these two cell types are represented by ALId0 monolayers, we stained whole mounts of monolayers using multiple markers of regenerative epithelium, including Ly6a (Sca1), Tacstd2 (Trop2), and Ly6g . We found high expression of each of these markers on ALId0 (Figure 3C) , which then decreased on ALId21 ( Figure S3D ). This finding was verified by RNA-seq analysis ( Figure 3D ). To further test if ALId0 cells express a broad signature mimicking the regenerative epithelium, we compared the ALId0 RNA profile to published transcriptomic datasets for regenerative epithelial cells isolated from DSS-treated mice . GSEA showed a highly significant enrichment of a colitis-associated regenerative epithelial signature in ALId0 compared to ALI21 cells ( Figure 3E ; Table S3 ). Similarly, ALId0 cells are also enriched for a fetal-like signature ( Figure 3F ; Table S4 ; Mustata et al., 2013) , consistent with the concept of fetal-like reprograming during epithelial regeneration.
To detect cellular changes that occurred prior to ALId4, we performed RNA-seq analysis on ALId0, ALId1, ALId2, and ALId4 monolayers. Pathway analysis of the top 300 upregulated genes comparing either ALId1 or ALId2 to ALId0 revealed a robust signature of cell-cycle progression ( Figure 3G and data not shown). Staining for Ki67 and phospho-histone H3 (pHH3) demonstrated a burst of proliferation within Hopx CreER -labeled regenerative stem cells on ALId1, which peaked on ALId2 and was reduced on ALId4 ( Figures 3H, 3I, S3E, and S3F) . In contrast, a comparison of ALId4 versus ALId0 transcriptomes primarily showed pathways involved in goblet and enteroendocrine cell differentiation ( Figures S3G-S3I) . These data suggest that the highly proliferative Hopx + cells that exist between ALId0 and ALId2 resemble the in vivo Hopx + CARSCs arising from hypertrophic crypts.
To evaluate if the in vitro Hopx + CARSCs can functionally regenerate and give rise to the homeostasis-like monolayers, we performed lineage tracing on Hopx-labeled cells beginning from ALId0 and found that on ALId21, tdTomato + clones contained both Ki67 + foci as well as differentiated lineages, such as goblet cells, enteroendocrine cells, and colonocytes that extended beyond the Ki67 foci ( Figures 3J and S3J ). Ablating the Hopx + CARSCs in vitro starting from ALId0 completely prevented mature monolayer formation ( Figure S3K ). Taken together, between ALId0 and ALId2, Hopx + CARSCs undergo a burst of proliferation highly reminiscent of their in vivo counterparts located in the hypertrophic crypts of DSS-treated mice. Subsequently, these regenerative stem cells are capable of giving rise to differentiated lineages and forming self-organizing monolayers, thereby recapitulating a key regenerative process associated with colitis ( Figure 3K ). Figure S3 .
Recapitulating Cycles of Colonic Epithelial Injury-Regeneration In Vitro
Given the impact of the switch to ALI on regenerating a mature, self-organized epithelial monolayer, we next investigated if this regenerative program can be reversed by simply re-submerging the differentiated ALI monolayer ( Figure 4A ), and if so, what is the timing and scope of the reversal. We found that the regenerative program that took 3 weeks to execute could be nearly completely reversed after 24 h of re-submersion. By this time, the epithelial cells had become squamous, lacked goblet cell phenotypes, and halted their proliferative activity ( Figures 4B-4G ). All these features resembled those of atrophic crypts prevalent near or within DSS-induced ulcerations. Subsequently, the monolayer re-acquired low levels of proliferation over the course of 7-day re-submersion ( Figures 4H-4J ). Strikingly, re-exposing this monolayer to ALI led to restoration of a columnar epithelium that consisted of both differentiated cells and proliferating compartments ( Figures 4K-4M ), suggesting that the re-submerged monolayer possessed regenerative potential after undergoing an atrophic crypt-like phase deprived of proliferation.
Corroborating the histologic findings, RNA-seq analysis conducted at various time points after re-submersion revealed a gradual acquisition of a regenerative signature over time (Figure 4N) , most notably shown by the close resemblance of the RNA profile of re-submerged day 7 cells to DSS-associated regenerative epithelium and fetal organoids ( Figures 4O and 4P ; Tables S5 and S6 ; Mustata et al., 2013; Yui et al., 2018) . We then performed qPCR analysis on select regenerative markers and confirmed their increased expression over time after re-submersion ( Figure S4A ). Interestingly, goblet and absorptive cells (and their corresponding markers) were completely lost within the first 24 h and remained so during the 7-day re-submersion ( Figure S4B ). However, expression of enteroendocrine cell markers recovered over the 7 days of re-submersion ( Figure S4B) .
Intriguingly, transient labeling of Hopx-expressing cells revealed a temporary loss of Hopx + stem cells 24 h after resubmersion ( Figures 4Q and 4R) . This finding was similar to the loss of Hopx expression in DSS-induced atrophic crypts ( Figures  4T and 4U) . However, Hopx expression re-emerged in the culture 2 days following re-exposure to air ( Figure 4S) , highly reminiscent of the Hopx + CARSCs arising from the repair stage of DSS-induced colitis ( Figure 4V ). When labeled before resubmersion, at least a subset of the Hopx + ''+4-like'' stem cells present on ALId21 survived through the re-submersion period ( Figure S4C ), suggesting these cells are one of the sources contributing to reprogramming in vitro. The recovery of the monolayer after two cycles of re-submersion and re-ALI (Figure S4D ) emphasizes how this in vitro system can be used to mimic the cycles of colonic epithelial injury and regeneration observed in vivo and dissect the underlying mechanisms.
Re-submersion Induces Cellular Stress Mediated by Low Oxygen Tension
To elucidate the mechanism by which the differentiated ALI monolayers changed so profoundly after re-submersion, we compared RNA-seq data generated from cells re-submerged for 8 h to those that had not been re-submerged. One of the top regulated pathways ( Figure 5A ), HIF1-mediated signaling, implicated the presence of hypoxic stress. In fact, several other top pathways, including glycolysis, tight junction (epithelial barrier), and protein processing in the ER (Figure 5A ), can all be altered by reduced oxygen tension in either a HIF-dependent or -independent manner ( Figure 5B ; Glover et al., 2016; Majmundar et al., 2010; Wouters and Koritzinsky, 2008) . In line with the activation of HIF1-mediated signaling, HIF1a protein accumulation, one of the hallmarks of cellular hypoxia, was observed between 2 and 8 h after re-submersion ( Figure 5C ). qPCR analysis confirmed a robust but transient increase of several well-known target genes directly regulated by the HIF1a transcription factor ( Figure 5D ). Furthermore, mass spectrometry of cell extracts showed a marked increase in intracellular lactate levels following re-submersion ( Figure 5E ), indicating a likely switch to glycolysis under the influence of low oxygen tension.
Low oxygen tension can also lead to ER stress (Koritzinsky et al., 2006; Koumenis et al., 2002; Ma and Hendershot, 2003; Romero-Ramirez et al., 2004) . This is most likely because protein folding in the ER requires the participation of oxygen (Bader et al., 1999; Frand and Kaiser, 1999; Tu et al., 2000) . ER stress is known to activate the unfolded protein response (UPR) ( Oslowski and Urano, 2011) . Examination of signaling cascades that constitute UPR revealed a marked elevation of both phospho-PERK and phospho-eIF2a levels within the first 8 h of re-submersion, which were subsequently diminished at 24 h ( Figure 5F ). IRE1a phosphorylation and Xbp1 splicing, a second arm of UPR, also showed similar dynamics after re-submersion ( Figure 5F ). UPR activation was further evidenced by increased protein and/or RNA levels of multiple well-known downstream target genes crucial in assisting cellular adaptations to ER stress ( Figures 5F and 5G) . ER stress can also lead to apoptosis, which was confirmed by the observation of elevated cleaved-Caspase 3 by 8 h after re-submersion ( Figure 5F ). Occurrence of ER stress also explained the rapid loss of goblet cells following re-submersion, as these cells are known to be particularly susceptible to ER stress (Heazlewood et al., 2008) . More importantly, high levels of hypoxic and ER stress were reported in both IBD patients and mouse models of colitis (Giatromanolaki et al., 2003; Hatoum et al., 2005; Karhausen et al., 2004; Kaser et al., 2008; Shah et al., 2008; Shkoda et al., 2007) . Together, these findings suggest that re-submersion of the culture induces acute hypoxic and ER stress, both of which are likely to act as triggers for cellular injury and profoundly alter the epithelial transcriptional profiles, metabolic pathways as well as cell fate decisions.
Oxygen Tension Functions as an Important Switch between Injury and Regeneration
An oxygen-depleted microenvironment was observed within colonic crypts during colitis-induced injury whereby infiltrating immune cells undergo a ''respiratory burst'' that rapidly consumes the locally available oxygen (Campbell et al., 2014) . We asked if imposing this colitis-relevant condition on homeostatic monolayers could reproduce the epithelial flattening phenotype we observed with re-submersion and DSS-induced colitis. Indeed, switching the culturing condition of ALId21 cells to 2% O 2 ( Figure 6A ) resulted in rapid flattening of the columnar epithelium, loss of goblet cells and a pause in cell proliferation within 48 h (Figures 6B-6P) . We also observed a robust activation of UPR target genes shortly after switching to 2% O 2 ( Figure 6Q) , along with statistically significant increases of regenerative markers ( Figure 6R ) similar to the re-submerged monolayer. Interestingly, Hopx transcription was transiently diminished after switching to 2% O 2 and returned to baseline levels both after longer exposure and re-exposure to 21% O 2 ( Figure S5A) . These data suggest that lowering oxygen tension can trigger a cellular injury-like status resembling features seen with both re-submerged monolayers and atrophic crypts.
To dissect which of the hypoxic stress pathways can confer the injury phenotype, we first tested if accumulation of HIF1a protein alone was sufficient to induce epithelial flattening. Treatment of ALId21 cells with multiple HIF activators including VH298, dimethyloxalylglycine (DMOG), and deferoxamine mesylate (DFO) individually did not result in morphological alterations of the monolayer (Figure S5B ), despite the accumulation of Hif1a protein with treatment ( Figure S5C) . In contrast, treatment of ER stress inducers including brefeldin A (BFA) and tunicamycin (TM) caused epithelial flattening, loss of goblet cells, and decreased cell proliferation ( Figure S5D ), suggesting that ER stress can mediate the epithelial response to low oxygen tension.
To determine if a sufficient oxygen tension is required for the regenerative process powered by Hopx + CARSCs in vitro, we cultured ALId0 cells under either 2% or 21% O 2 with ALI for a period of 21 days ( Figure S5E ). As expected, cells cultured under normoxic conditions regenerated and developed both Ki67 + CD44 + crypt-like foci and differentiated lineages such as goblet cells ( Figure S5F) . In contrast, cells under the hypoxic condition maintained a CD44 + undifferentiated state with suppressed cell proliferation and showed no evidence of goblet cell differentiation ( Figure S5F ) even in the presence of ALI. Given the crucial role of oxygen tension in governing the switch between injury and regeneration in our in vitro model, we examined Hif1a protein levels in atrophic and hypertrophic crypts in DSS-induced colitis. Compared to controls not treated with DSS, the level of nuclear Hif1a protein was greatly enhanced in atrophic crypts at the injury phase and subsequently attenuated in the hypertrophic crypts during the regeneration stage ( Figures 6S-6U ). This dynamic alteration of oxygen tension was consistent with our in vitro model and suggested that oxygen tension may function as an important switch that controls the transformation between injury and regeneration for colonic crypts.
DISCUSSION
Colonic epithelial injury repair in response to damage caused by excessive inflammation remains a poorly understood process despite the importance of successful mucosal healing in achieving long-term remission for IBD patients (Baert et al., 2010; Henderson et al., 2011; Schnitzler et al., 2009) . One major challenge has been a lack of in vitro model systems that recapitulate key aspects of epithelial injury and regeneration, in particular, modeling the regenerative stem cell population capable of re-establishing homeostasis following injury. In this study, we identified an in vivo stem cell population marked by Hopx expression that emerges from hypertrophic crypts present during recovery from colitis in both mice and humans. The Hopx + CARSCs have diminished Lgr5 expression but are enriched for fetal biomarkers, suggestive of a primitive state. Lineage tracing and ablation experiments established that these cells could functionally contribute to epithelial regeneration during DSS-induced colitis. Prior to the emergence of Hopx + CARSCs, atrophic crypts negative for both Lgr5 and Hopx prevailed in damaged areas concomitant with the injury phase. To model the atrophic, hypertrophic, and homeostatic crypts that occur during cycles of colonic epithelial injury and regeneration, we established a long-term colonic monolayer culture that contains regenerative stem cells resembling Hopx + CARSCs. These in vitro Hopx + CARSCs are capable of regenerating and forming a differentiated monolayer composed of numerous homeostasis-like ''opened'' crypts. Remarkably, the mature monolayer could be reverted to a Hopx + regenerative state preceded by an 'injury phase' characterized by lack of proliferating cells, goblet cells and Hopx expression, similar to the atrophic crypts observed in vivo during colitis-induced injury. We demonstrate that oxygen tension functions as a switch for homeostasis-injury-regeneration cycle that can be reenacted in this in vitro model of colonic injury and repair. The existence of a functional regenerative stem cell population has remained elusive for colitis-associated repair. Fetal-like reprograming of the regenerative epithelium has been described in mouse models following injury to the stomach and intestine (Fernandez Vallone et al., 2016; Nusse et al., 2018; Yui et al., 2018) . However, whether these fetal-like cells are functionally required for re-establishing homeostasis has not been tested by lineage tracing or ablation experiments. The Hopx + regenerative stem cells we observed in this study represent a transiently acquired cellular state during recovery and possess the ability to functionally contribute to the regenerative process in colitis. They co-express a number of fetal-like biomarkers and thus overlap phenotypically with the previously proposed fetal-like re-programmed cells. Notably, these regenerative Hopx + cells can likely be distinguished from the slow-cycling Hopx + stem cells found in homeostasis because they exist in two different functional states, separated by a transient discontinuation of Hopx expression during the injury phase. Also, the regenerative Hopx + stem cells are characterized by a rapid proliferation rate and co-expression of fetal-like markers during repair, neither of which are features of slow-cycling Hopx + stem cells. Given these unique properties of this newly identified Hopx + cell population, we have named it CARSC. Interestingly, Hopx + alveolar epithelial cells have been implicated to play a role in pulmonary fibrosis (Ota et al., 2018) , arguing for a unifying role for cells marked by Hopx. However, adult stem cells residing in organs of distinct developmental origins (e.g., lung and colon) can differ substantially in their overall expression profiles, behaviors, and functions even though they may share a subset of common markers.
While it is possible that the slow-cycling intestinal stem cells marked by Hopx in homeostasis can give rise to the CARSCs seen during colitis-associated regeneration, questions remain on the exact origin of these cells. Recent studies demonstrated that Atoh1 + secretory progenitors labeled in homeostasis can contribute to repair during DSS-induced colitis; ablating these cells negatively impact regeneration (Castillo-Azofeifa et al., 2019; Ishibashi et al., 2018; Tomic et al., 2018) . Therefore, Atoh1 + progenitors may constitute a cell population that can exhibit cell plasticity and convert to Hopx + CARSCs during repair. In addition, committed progenitors of other lineages including enteroendocrine cells and enterocytes may also be able to contribute to the emergence of Hopx + CARSCs, given their known plasticities during intestinal repair (Buczacki et al., 2013; Jadhav et al., 2017; Tetteh et al., 2016; van Es et al., 2012; Westphalen et al., 2014; Yu et al., 2018) .
The monolayer system we have developed here offers several unique advantages to aid the mechanistic study of epithelial injury and regeneration: First, unlike other in vitro methods that normally only model one specific cell fate in repair (Miyoshi et al., 2017; Yui et al., 2018) , our system provides a platform for continuous manipulation of cell status over time. For example, it is unclear whether atrophic crypts that mark the injury phase of colitis can serve as a precursor for the hypertrophic crypts in recovery phase. Our in vitro data suggest that this level of cell plasticity could indeed occur. Second, in contrast to in vivo colitis models in which injured and regenerative crypts may be mixed with unaffected ones at a given time, our method allows the study of epithelial injury repair in a synchronized manner in both space and time. Third, our system permits the assessment of the direct impact of relevant stress signaling on epithelial cell fate decisions. Both hypoxic injury and ER stress commonly occur in IBD and mouse models of colitis (Giatromanolaki et al., 2003; Hatoum et al., 2005; Karhausen et al., 2004; Kaser et al., 2008; Shah et al., 2008; Shkoda et al., 2007) . Hypoxia is known to regulate epithelial barrier function in colitis (Karhausen et al., 2004) . Epithelial mutations in the UPR pathway can either lead to or influence colitis pathology (Barrett et al., 2008; Bertolotti et al., 2001; Brandl et al., 2009; Cao et al., 2013; Kaser et al., 2008; McGovern et al., 2010) . Our in vitro model revealed that these stresses can directly induce features of epithelial injury (e.g., loss of proliferating and goblet cells) and may serve as a key switch for cell fate alterations during injury repair.
Finally, these long-lived, self-organizing 2D monolayers will have utility for defining host-microbe and epithelial-mesenchymal interactions that require experimental designs with sustained time frames. Previous studies reported self-organizing 2D monolayers derived from freshly isolated crypts (Gunasekara et al., 2018; Liu et al., 2018; Thorne et al., 2018) . However, this experimental system is conducive only to short-term experiments; the resulting monolayers are often not continuous and the self-organizing phenotype could possibly be a result of direct crypt unfolding. One example of the utility of a complete, longterm 2D monolayer system described in our study is that the accessible apical surface supports the complete sexual growth of Cryptosporidium parvum (Wilke et al., 2019) . In addition, other host cell types such as macrophages and fibroblasts play crucial roles in regulating responses to mucosal injury. Therefore, future efforts should be made to incorporate other cellular components into this epithelial system to allow better understanding of the intricate nature of mucosal repair.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (C) In situ hybridization assay of Lgr5 and Hopx mRNA expression on colonic sections derived from BALB/c mice 3 and 7 days following acute injury by TNBS enema. Note the presence of abundant atrophic crypts on TNBS day 3 (arrows in left panels) and hypertrophic crypts on TNBS day 7 (arrows in right panels). The insets magnify areas indicated by the arrows. (D) Lgr5 and Hopx mRNA levels assayed by in situ hybridization in the dnKO spontaneous colitis model. Arrow denotes homeostatic crypts from WT littermate controls (left panels) or hypertrophic crypts from dnKO mice (right panels). The insets magnify areas indicated by the arrows. Figure S3 . In Vitro Recreation of Hopx + CARSCs and Its Regenerative Potential, Related to Figure 3 (A) Detailed flow cytometry gating strategies used to select live single cells for subsequent GFP analysis in WT, Lgr5 GFP and Hopx GFP ALId0 cells as shown in Figure 3B . SSC = Side scatter. FSC = Forward scatter. BluFL1 was used to check for autofluorescence of the BluFL3 (propidium iodide, PI) channel which is a live/ dead indicator.
(legend continued on next page)
